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ABSTRACT

DEVELOPMENT OF END-GROUP FUNCTIONAL
TEMPERATURE-RESPONSIVE POLYMERS

The aim of this thesis was to synthesize temperature-responsive, well-defined,
end-group modified (co)polymers of oligoethyleneglycol methyl ether methacrylate
(OEGMA30) and diethyleneglycol methyl ether methacrylate (MEO,MA) via reversible
addition fragmentation chain transfer (RAFT) polymerization, and to investigate in
detail the temperature-responsive behaviour of the resultant (co)polymers considering
the possible use of these (co)polymers in temperature-controlled biosensing
applications.

A series of (co)polymerization Kkinetic experiments were performed at three
different [Total monomer]/[RAFT agent] molar ratios and yielded copolymers of
OEGMA3y and MEO,;MA with controlled molecular weights and low polydispersities
(<1.2), indicating RAFT-controlled (co)polymerization mechanism. The reactivity
ratios of the comonomers, MEO,MA and OEGMAg3q, determined using Kelen-Tiidos
method were 0.96 and 0.98, respectively. This indicated that the copolymers were truly
random and their composition could be controlled by the feed comonomer composition.

A number of (co)polymers having varying molecular weights, compositions and
end-group functionalities (i.e. thiocarbonylthio RAFT end-group, pyridyldisulfide
(PDS) or phosphonate group) were synthesized to investigate the effects of these
parameters on the Lower Critical Solution Temperature (LCST) of the (co)polymers.
The end-group functionality, PDS or phosphonate, was chosen considering the possible
use of these polymers on gold or alumina surfaces, respectively.

The key factor affecting the LCST was found to be the hydrophilic/hydrophobic
balance of the (co)polymers. Increasing the hydrophilic content (OEGMA content) of
the (co)polymers increased the LCST values. The effect of end-group on the LCST was
more profound for (co)polymers with low molecular weights. Replacement of the
thiocarbonylthio end-group with a more hydrophilic group such as PDS or phosphonate
resulted in a significant increase in the LCST of the copolymers having a degree of
polymerization of less than 30. For the copolymers with higher degree of
polymerization, the influence of the end-group chemistry on the LCST became

negligible.



OZET

UC-GRUP FONKSIYONEL SICAKLIGA DUYARLIGI
POLIMERLERIN GELISTIRILMESI

Bu tezin amaci; sicaklik kontrollii biyosensoér uygulamalarinda potansiyel
kullanimlar1 g6zoniine alinarak iyi tanimlanmis, ug-grup fonksiyonel, sicakliga duyarh
oligoetilenglikol metil eter metakrilat (OEGMA3y) ve dietilenglikol metil eter
metakrilat (MEO,;MA) (ko)polimerlerinin tersinir katilma ayrigma zincir transfer
(RAFT) polimerizasyonu ile sentezlenmesi, ve olusan (ko)polimerlerin sicakliga-duyarli
davranislarinin ayrintili olarak incelenmesidir.

Ug farkli [Toplam monomer]/[RAFT ajani] mol oraninda gergeklestirilen bir seri
kopolimerizasyon = kinetigi  deneyleri, = RAFT-kontrollii ~ (ko)polimerizasyon
mekanizmasina isaret eden kontrollii molekiil agirligi ve dar molekiil agirligi dagilimma
(<1,2) sahip OEGMA3zn ve MEO;MA kopolimerlerinin senteziyle sonuglandi.
Komonomerlerin, MEO,MA and OEGMAzqo, reaktivite oranlari, Kelen-Tiidos methodu
kullanilarak sirasiyla 0,96 (MEO,;MA) ve 0,98 (OEGMAG3u) olarak bulundu. Bu sonug,
sentezlenen kopolimerlerin “gercek rastgele” kopolimerler oldugunu ve kopolimer
kompozisyonunun besleme komonomer kompozisyonunu degistirerek kontrol
edilebilecegini gosterdi.

Farkli molekiil agirliklarinda, kompozisyonlarda ve farkli  ug-grup
fonksiyonelligi (tiyokarboniltiyo RAFT grubu, piridildisiilfat veya fosfonat) olan
kopolimerler, bu parametrelerin kopolimerlerin Diisiik Kritik Cozelti Sicakligi (LCST)
tizerinde etkilerini incelemek igin sentezlendi. Piridil disiilfat ve fosfonat ug-grup
fonksiyonellikleri bu polimerlerin sirasiyla altin ve aluminyum yiizeylerde uygulamalari
g6z onilinde bulundurularak secildi.

LCST’yi etkileyen en 6nemli parametrenin kopolimerlerin hidrofilik/hidrofobik
balanst oldugu bulundu. Polimerin hidrofilik igeriginin (OEGMA) artmasi LCST
degerlerini de arttirdi. Fonksiyonel ug-grubun LCST iizerindeki etkisinin diisiik molekiil
agirlikli polimerlerde daha belirgin oldugu bulundu. Tiyokarboniltiyo ug¢ grubun
piridildisiilfat veya fosfonat gibi daha hidrofilik bir grupla degistirilmesi polimerizasyon
derecesi otuzdan az olan polimerler igin LCST de belirgin bir artis ile sonuglandi. Daha
yiiksek polimerizasyon derecelerine sahip polimerlerde ise, ug-grup kimyasmm LCST

tizerindeki etkisinin yok gdzardi edilebilecek kadar az oldugu bulundu.
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CHAPTER 1

INTRODUCTION

For the last two decades stimuli-responsive polymers have received significant
attention because of their rapid conformational changes in response to an external
stimulus. Temperature-responsive polymers are polymers that exhibit a phase separation
and change their physical properties as a result of temperature change in the
environment. Particularly, polymers exhibiting a lower critical solution temperature
(LCST) in aqueous solution are of interest. Since water as a solvent is cheap, safe and
biologically relevant, polymers that have thermo-responsive property in water are
especially important. Such polymers are promising building blocks of smart responsive
materials such as biosensors, matrices for tissue engineering, and drug carriers (Sun et
al. 2013).

The lower critical solution temperature (LCST) is the critical temperature below
which the components of a mixture are miscible for all compositions. If a polymer
exhibits an LCST in water, upon heating above the LCST the hydrogen bonds between
polymer and water break, leading to demixing and phase separation. This is an entropy
driven process due to the expulsion of water (Gibson et al. 2011). Among various
polymers having LCST in water, the most studied polymer is poly(N-
isopropylacrylamide) Poly(NIPAAm). (Fujishige et al. 1989, Heskins et al. 1968).
However, for last few years a new thermo-responsive polymer family, oligo(ethylene
glycol) (meth)acrylates has emerged as an interesting alternative to Poly(NIPAAM)
(Lutz 2011).

Poly(ethylene glycol) (PEG) is a non-toxic and non-immunogenic polymer, that
consists of repeating ethylene oxide units. Poly(oligo(Ethylene Glycol) Methyl Ether
Methacrylate (Poly(OEGMA)) is a comb-type PEG which includes a methacrylate-
based polymer backbone and short oligoethyleneglycol chains that are grafted to the
methacrylate backbone. The copolymers of OEGMA based monomers combine the
advantages of PEG and thermo-responsive polymers in a single macromolecular

structure. Excellent bio-repellent property (anti-fouling behaviour) below the LCST



makes OEGMA copolymers a better choice for biosensor applications compared to
Poly(NIPAAm) (Lutz 2011).

In commercial polymer production, one of the most widely used techniques is
free radical polymerization. Free radical polymerization is a type of chain growth
polymerization. Due to challenges in control over the molecular weight and molecular
weight distribution, and also difficulties in preparation of end-group functional
polymers and varying polymer architectures via conventional free radical
polymerization, controlled/living radical polymerization techniques have become
popular.

RAFT (reversible addition—fragmentation chain transfer) polymerization, a
controlled/living radical polymerization, firstly reported by CSIRO (Commonwealth
Scientific and Industrial Research Organization) group in 1998, is one of the most
effective and versatile methods for providing living characteristics to radical
polymerization. Living character of polymers comes from the fact that radicalic
polymer chains formed during polymerization terminate at a negligible level and are
able to polymerize with addition of new monomer in the presence of a radical source.
The RAFT polymerization can be considered as a conventional free radical
polymerization which is carried out with the help of a chain transfer agent (i.e. RAFT
agent). (Boyer et al. 2009)

The chain transfer agents used in the RAFT polymerization are organic
compounds having a thiocarbonylthio moiety. The rapid equilibrium between the active
propagating radicals and the polymeric thiocarbonylthio compounds allows for the
production of polymers with controlled molecular weight and narrow molecular weight
distribution (low polydispersity) which is the most important advantage of the RAFT
polymerization. Another important advantage of RAFT polymerization is, since the
final polymer contains non-degraded RAFT end-group, this group can be easily further
utilized to chain extend or modify the end-group of the polymers.

The aim of this thesis was to synthesize temperature-responsive, well-defined
(co)polymers of oligoethyleneglycol methyl ether methacrylate (OEGMAzy) and
diethyleneglycol methyl ether methacrylate (MEO,MA) via RAFT polymerization,
perform end-group modifications and finally investigate in detail the temperature-
responsive behaviour of the resultant (co)polymers considering the possible use of these
copolymers in temperature-controlled bio-sensing applications (Zareie et al. 2008). For

this aim, firstly kinetic experiments were performed to determine whether the
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(co)polymerizations were controlled by RAFT mechanism. To investigate the effect of
composition, molecular weight and end-group modification on thermo-responsive
behaviour of the polymers, a number of copolymers with varying molecular weights,
compositions and end-group functionalities were then synthesized. Polymers were
characterized by nuclear magnetic resonance spectroscopy (NMR) and gel permeation
chromatography (GPC) techniques. Temperature-responsive property of the polymers
was characterized using UV-vis spectroscopy. The methods and results are presented in

Chapters 3 and 4, respectively.



CHAPTER 2
LITERATURE REVIEW

2.1. Stimuli-Responsive Polymers

Stimuli-responsive, “smart” polymers are macromolecules that undergo fast and
reversible changes from hydrophilic to hydrophobic state in response to small changes
in their environment. These polymers may be dissolved in solutions, adsorbed or grafted
onto solution-solid interfaces, or cross-linked in the form of hydrogels (Figure 2.1)
(Hoffman and Stayton 2004). These changes can be observed as precipitation of the
smart polymer in solution, changes in wettability of the surface to which the smart
polymer is grafted or dramatic shrinking/swelling of the hydrogel. The changes are
relatively fast and reversible i.e. the system returns to its initial state when the trigger is
removed. (Galaev 2002)
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Figure 2.1. Stimuli responsive polymers before and after stimulus A) In solution; B)
adsorbed at solid/liquid interface; C) grafted onto a solid; D) hydrogel
(Source: Hoffman and Stayton 2004)

The hydrophilic/hydrophobic balance in the structure of the polymer has the key

importance in demonstrating the phase transition. Response of polymer may be the
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result of different types of stimulus, such as physical stimuli (temperature, ionic
strength, electric field), chemical stimuli (pH), biochemical stimuli (metabolite +
enzyme) and polymer can respond in different ways, like changing colour, transparency,
conductivity or becoming permeable to water.

Applications of stimuli-responsive polymers in drug delivery, tissue
engineering, bioseparations, and biosensors have been studied extensively for last two
decades (Byeongmoon and Gutowska 2002). Self-assembly of short oligoethyleneglycol
(PEG12) chains with pyridyldisulfide (pds) end-groups on a gold surface and thermo-
responsive behaviour of the surface for biosensor applications were investigated by
Zareie and co-workers (Zareie et al. 2008). Okano and coworkers showed thermo-
responsive characteristics of poly(N-isopropylacrylamide) (Poly(NIPAAm)) on grafted
cell culture dishes for tissue engineering (Matsuda et al. 2007). Nolan et al. reported the
insulin loaded poly(N-isopropylacrylamide-co-acrylic acid) microgel thin films for the
regulation of macromolecule and small molecule release and drug delivery applications
(Nolan et al. 2004).

2.1.1. Temperature-Responsive Polymers

Temperature-responsive polymers or thermo-responsive polymers are polymers
that exhibit a phase separation and change in their physical properties as a result of
temperature change in the environment. The temperature-responsive polymers display a
miscibility gap in their temperature-composition diagram. Depending on whether the
miscibility gap is found at low or high temperatures, an upper (UCST) or lower (LCST)

critical solution temperature, respectively, exists (Figure 2.2) (Hoffman 1995).
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Figure 2.2. A plot of typical polymer binary solution phase behaviour including both an
LCST and UCST. (Source: Koningsveld et al. 2001)

Temperature-responsive polymer chains in solution take an expanded coil
conformation. At the critical phase-separation temperature, polymer chains collapse to
form compact globule. This is followed by the aggregation of globules, subsequently
causing turbidity in solution and the formation of visible particles depending on
polymer concentration. The phase-separation temperature, at which polymer-poor and
polymer-rich phases separate from each other, is dependent on polymer concentration.
The phase separation temperature increases when concentration of the polymer
increases up to intersection of spinodal and binodal curves, then decreases for UCST
and vice versa for LCST (Figure 2.2). In a polymer-solvent binary mixture, the
composition of the coexisting phases can be determined by drawing tie-lines; spinodal
and binodal curves (Figure 2.2) (Koningsveld et al. 2001). The binodal or coexistence
curve implies the condition at which two separated phases may coexist. In other words,
it is the boundary between the set of conditions in which it is thermodynamically
favourable for the system to be fully mixed and the set of conditions in which it is
thermodynamically favourable for it to phase-separate (IUPAC 2013). The spinodal
curve is the limit of stability of a solution, stating the boundary of absolute instability of
a solution to decomposition into multiple phases (Sandler 2006). Inside this curve, very
small fluctuations in composition and density will result in phase separation via

spinodal decomposition. Outside of the curve, the polymer solution will be at least
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metastable with respect to fluctuations. In general, the spinodal curve lies inside of a
binodal curve, which refers to the minimum-energy equilibrium state of the system
(Koningsveld et al. 2001).

For a thermodynamically favourable dissolution process of a polymer, the
entropy change upon mixing should be positive while the change of Gibbs energy (AG)
should be negative. From Gibbs-Helmholtz equation, AG is determined by the enthalpy
of mixing (AH) and entropy of mixing (AS).

AC‘Tmix: AHmix'T.ASmix (2 1)

In an ideal mixing process where there are no repulsive or attractive interactions
between the compounds, there would be no enthalpy change upon mixing. In this case,
the change of entropy upon mixing is always positive (the term -T-AS is negative) and
AG would be negative for all compositions. Thus, the miscibility gaps are due to
intermolecular and intramolecular interactions. In polymer solutions three interactions
have to be taken into account for dissolution process; polymer-polymer, solvent-solvent
and polymer-solvent interactions. Flory and Huggins developed a model for the
phenomenological description of polymer phase diagrams also known as Flory-Huggins
solution theory (Koningsveld et al. 2001).

The Flory-Huggings equation (Equation 2.2) for the change of Gibbs energy
includes a term for the entropy of mixing for polymers and an interaction parameter that
describes the sum of all interactions. The first term on the right side of this equation is
the entropic contribution to the Gibbs energy and the second term is the enthalpic
contribution (Sandler 2006).

AC}mix ®1 ®2
= — + —=In@®,+
RT m, In@, m, In@,+¢®, @,
B ZA812
- 2.2)

where

R = universal gas constant



m = number of occupied lattice sites per molecule (for polymer solutions m; is
approximately equal to the degree of polymerization and m,=1)

¢ = volume fraction of the polymer (1) and the solvent (2), respectively

x = Flory interaction parameter

€12 = interaction energy between polymer and solvent molecules.

z = number of nearest neighbour atoms of polymer molecule.

k = Boltzman constant

2.1.2. Lower Critical Solution Temperature (LCST)

The lower critical solution temperature (LCST) is the critical temperature below
which the components of a mixture are miscible for all compositions and upper critical
solution temperature (UCST) is the critical temperature below the mixture is immiscible
(IUPAC 2013).

Since the entropy of mixing is low for polymer solutions, miscibility gaps are
observed that many polymers show a thermo-responsive property in organic solvents.
Polystyrene in cyclohexane, (Schultz et al. 1952, Hashizume et al. 1981) polyethylene
in diphenylether (Nakajima et al. 1966, Koningsveld et al. 1968) or
polymethylmethacrylate in acetonitrile (Fox 1962) are examples of the polymers that
show UCST. LCST is observed for, e.g., polymethylmethacrylate in 2-propanone
(Cowie et al. 1976), polypropylene in n-hexane (Cowie et al. 1974), and polystyrene in
butylacetate (Pfohl et al. 1995).

Temperature-responsive polymers that have a lower critical solution temperature
(LCST) have gained an increasing interest in the last twenty years. On the other hand,
polymers that have thermo-responsive property in water are especially important since
water as a solvent is cheap, safe and biologically relevant. Among various polymers
having LCST in water, the most studied polymer is poly(N-isopropylacrylamide)
(Poly(NIPAAmM)) (Fujishige et al. 1989, Heskins et al. 1968).

Ding et al. reported that while Poly(NIPAAmM-co-HEMA\) has similar LCST with
NIPAAmM homopolymer (32 °C), the copolymer of NIPAAm with vinyl sulfone have a
lower LCST (27.5 °C). They explained this decrease with increased hydrophobicity of

the copolymer due to vinyl sulfone content (Ding et al. 1999).



Barker and co-workers synthesized a series of NIPAAm-based, thermo-
responsive copolymers with varying amounts of N,N-dimethylacrylamide (DMAC).
The authors altered the hydrophilic/hydrophobic balance through copolymerization by
changing copolymer composition. They reported that increasing the DMAC content of
NIPAAM/DMAC copolymers raises their LCST to an extent which depends on the
amount of the more hydrophilic comonomer (DMAC) in the copolymer structure.
Barker and co-workers showed that increasing the hydrophilic/hydrophobic ratio of
such thermo-responsive systems serves to raise the LCST (Barker et al. 2003).

Sumerlin et al. reported the synthesis of Poly(NIPAAm)- bovine serum albumin
(BSA) conjugates in aqueous media via RAFT polymerization. Conjugation of BSA to a
chain transfer agent (CTA) allows the synthesis of block copolymers of polymer and
protein since trithiocarbonate group of CTA is capable of extension with a monomer in
the presence of a radical source. Sumerlin and co-workers also reported that although
Poly(NIPAAmM) was conjugated to a protein, it retained thermo-responsive properties
(Lietal 2011).

Both pH- and temperature-responsive copolymers of acrylic acid and NIPAAmM
were synthesized by Bulmus and co-workers. They also conjugated the copolymer to
streptavidin in order to investigate the effect of pH and temperature on the binding and
release of biotin. They demonstrated that this copolymer-streptavidin conjugate can
provide pH control of biotin binding and triggered release which can be applied to
affinity separations, biosensors and drug delivery (Bulmus et al. 2000).

Other than Poly(NIPAAmM) which is the most known thermo-responsive polymer
in water, further thermoresponsive polymer examples include hydroxypropylcellulose
(Kagemoto et al. 1971), poly(vinylcaprolactame) (Maeda et al. 2002) and polyvinyl
methy! ether (Schild et al. 1990).

There are also some industrially relevant polymers that show LCST as well as
UCST behaviour in aqueous solutions; however the UCST is usually outside the range
between 0 and 100 °C, which makes these polymers difficult to be used especially in
biotechnology or biomedical applications. Examples of such polymers include
polyethylene oxide (Malcolm et al. 1957, Saeki et al. 1976), polyvinylmethylether
(Assche et al. 2011) and polyhydroxyethylmethacrylate (Longenecker et al. 2011).

In recent years, a new thermo-responsive polymer family, oligo(ethylene glycol)

(meth)acrylates has been found as an interesting alternative to Poly(NIPAAmM). These



polymers combine the advantages of poly(ethylene glycol) (PEG) and thermo-

responsive polymers in a single macromolecular structure (Lutz 2011).

2.1.3. Oligo(Ethylene Glycol) Methyl Ether Methacrylate (OEGMA)
Polymers

Poly(ethylene glycol) (PEG) is a non-toxic and non-immunogenic polymer, that
consists of repeating ethylene oxide units. Poly(oligo(Ethylene Glycol) Methyl Ether
Methacrylate Poly(OEGMA) is a comb-type PEG which includes a methacrylate-based
polymer backbone and short oligoethyleneglycol chains that are grafted to the
methacrylate backbone (Figure 2.3).

MEO,MA OEGMA ,,,

Figure 2.3. Molecular structures of oligo(ethylene glycol) methacrylate (OEGMA)
monomers most widely used to make thermo-responsive oligo(ethylene
glycol) methyl ether methacrylate polymers (Poly(OEGMA)).

(Source: Lutz et al. 2009)

The copolymers of OEGMA based monomers combine the advantages of PEG
and thermo-responsive polymers in a single macromolecular structure. OEGMA
copolymers also have the following inherent advantages as compared to
Poly(NIPAAM);

) An excellent bio-repellency below LCST (anti-fouling behaviour)
i) Bio-inert properties

Although oligo(ethylene glycol) pendant chains can be connected to various

types of polymeric backbones, the polymerization of oligo(ethylene glycol)

(meth)acrylates is the most effective strategy for preparing thermo-responsive polymers.
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Another point is that these monomers can be easily polymerized by using
straightforward controlled radical polymerization techniques such as atom transfer
radical polymerization (ATRP) and reversible-addition fragmentation chain transfer
(RAFT) polymerization (Lutz 2011).

Lutz and his co-workers synthesized copolymers of MEO,;MA and OEGMA3q
via ATRP and conventional radical polymerization methods. The authors showed that
tuning the LCST between two homopolymers’ LCST range with a precision of 0.5 °C
was possible by changing co-monomer ratios in the polymerization feed. They reported
the LCST of poly(MEO,MA) and poly(OEGMA3y) as 28 °C and 65 °C respectively
(Lutz et al. 2009). This is expected since the hydrophilicty of poly(OEGMAG3y) is
higher than that of poly(MEO;MA) .

Effect of polymer concentration on LCST was investigated by Gibson and co-
workers using OEGMA (co)polymers (i.e (oligoethyleneglycol) methyl ether
methacrylate (OEGMA30, OEGMA,75), diethylene glycol methyl ether methacrylate
(MEO;MA), triethylene glycol methyl ether methacrylate (MEO3sMA)) synthesized via
RAFT polymerization. They showed that there is a 6 °C difference in LCST of a
polymer aqueous solution which has a concentration of 0.1 mg/ml and 5 mg/ml. They
also show that these OEGMA (co)polymers can exhibit a phase transition at low
concentrations which is important in drug delivery applications (Gibson et al. 2011).

Effect of solvent on catalytic chain transfer (co)polymerizations of OEGMA
monomers was investigated by Soeriyadi et al. The authors reported that acetonitrile is
the best solvent among the solvents examined (i.e water or water/methanol), since it

yielded polymers with narrower weight distributions (Soeriyadi et al. 2011).

2.2. Living/Controlled Polymerization

In commercial polymer production, one of the most widely used techniques is
free radical polymerization. Free radical polymerization is a type of chain growth
polymerization. In a free radical polymerization, propagating species are free radicals
formed by an initiator. Free radical polymerization occurs in three steps: initiation,
propagation and termination. Firstly, primary radicals are generated. In the second step,
monomeric radicals and oligomeric chains propagate by adding monomeric units. In

termination step, radicalic polymeric chains terminate since they can self-react by
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combination or disproportionation. Due to challenges in control over the molecular
weight and molecular weight distribution, and also difficulties in preparation of end-
group functional polymers and varying polymer architectures via conventional free
radical polymerization, controlled/living radical polymerization techniques become
popular.

The living radical polymerization techniques which emerged most recently
include nitroxide-mediated polymerization (NMP), atom-transfer radical polymerization
(ATRP), reversible addition-fragmentation chain transfer (RAFT) polymerization, and
macromolecular design via interchange of xanthates (MADIX) polymerization (Boyer,
et al. 2009). RAFT polymerization that was used to prepare (co)polymers in this thesis,

has been described below in detailed.

2.2.1. RAFT Polymerization

RAFT (reversible addition—fragmentation chain transfer) polymerization, a
reversible deactivation radical polymerization (RDRP), firstly reported by CSIRO
(Commonwealth Scientific and Industrial Research Organization) group in 1998, is one
of the most effective and versatile methods for providing living characteristics to radical
polymerization. Living character of polymers comes from the fact that radicalic
polymer chains formed during polymerization terminate at a negligible level and are
able to polymerize with addition of new monomer in the presence of a radical source
(Boyer et al. 2009).

The RAFT technique is applicable to wide variety of reaction conditions and
monomers (Jenkins et al. 2010). It can be performed in bulk, water (Love et al. 2003),
emulsion or suspension (Boyer et al. 2009).

The RAFT polymerization can be considered as a conventional free radical
polymerization (Figure 2.4) which is carried out with the help of a chain transfer agent
(i.e. RAFT agent).

12
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o end group ® end group

Figure 2.4. Schematic representation of RAFT polymerization
(Source: Chong et al. 2007).

The chain transfer agents used in the RAFT polymerization are organic
compounds having a thiocarbonylthio moiety. The general structure of the RAFT agent
is shown in Figure 2.5. The mostly used functional Z groups in RAFT agents are
dithioesters,  trithiocarbonates, and aromatic  dithiocarbamates,  N-alkyl-N-
aryldithiocarbamates and the O-alkyl xanthates.

SYS\R
7

Figure 2.5. General structure of a RAFT agent
(Source: Keddie et al. 2012)

Initiation is the first step of the polymerization, where the starting radicals are
created. The most widely known method of initiation is thermal decomposition of a
radical initiator, but also different sources of initiation in RAFT polymerizations have
been reported, such as photochemical initiation by ultraviolet light (Cowie and Arrighi
2008), y radiation, pulsed laser irradiation (Odian 2004), and thermal autoinitiation of
monomer (Cowie and Arrighi 2008).

In initiation step, the initiator decomposes to form two fragments (I*) which
react with a single monomer molecule to yield a propagating polymeric radical of length
1. In propagation step, propagating radical chains of length n, Pne, add monomer, M,
form longer propagating radicals. In RAFT pre-equilibrium step, oligomeric radicals are
produced and react with the RAFT agent to form a RAFT adduct radical. The radical
intermediate can then fragment back to the original RAFT agent and an oligomeric
radical or fragment to yield an oligomeric RAFT agent and a reinitiating R radical

(Boyer et al. 2009). This is a reversible step in which the intermediate RAFT adduct
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radical is capable of losing either the R group (R¢) or the polymeric species (Ppe). The
structure of R should be such a good reinitiating group. It should fragment at least as
quickly as the initiator or polymer chains from the stabilized radical intermediate. If
fragmentation is slow, the intermediate species is consumed in side reactions, or
reinitiation is slow or inefficient, and then retardation or inhibition can result (Keddie et
al. 2012). In reinitiation, the leaving group radical (R¢) reacts with another monomer
species, starting another active polymer chain. Following initialization, polymer chains
grow by adding monomer, and they rapidly exchange between existing growing radicals
(as in the propagation step) and the thiocarbonylthio group capped species. The rapid
interchange in the radical intermediate ensures that the concentration of growing radical
chains is kept lower than that of the stabilized radical intermediates, therefore limiting
termination reactions. In termination step although RAFT is a living polymerization
there is still limited termination reactions occur via combination or disproportionation
mechanisms (Boyer et al. 2009, Cowie and Arrighi 2008). The generally accepted
simplified mechanism of the RAFT polymerization is shown in Figure 2.6.

M
Initiator ————m= 28 ———= P} (initiation

! chain growth

PR+ M —= P (pmpagalion )

3 S—R P,—5 . 5—R P,—S S
+ R RAFT pre-
PR+ - —_— * equilibrium
Z zZ Z
Re + M ————= p? (re-inilialion
s 5—Pm P,—S . S—Pq Pp—3 S5
. RAFT main
e+ Y — \( — Y * Pm (equilibrium)
£ Z £
(RAFT adduct radical intermediale)
Pp + p:’n — Do
termination

Pn o+ PR, —>= Dy +  Dm

Figure 2.6. Reaction mechanism of RAFT polymerization.
(Source: Cowie and Arrighi 2008)
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In RAFT polymerization choosing an appropriate RAFT agent for the
monomer(s) to be polymerized and the reaction conditions is the key factor for optimal
control. The Z and R groups in RAFT agent structure both play critical roles in
determining the result of polymerization. By determining the rate of addition and
fragmentation, they control efficiency of chain transfer and the probability of
retardation or inhibition (Keddie et al. 2012). The R group is important in the pre-
equilibrium stage of the polymerization. The Z group is highly influential in
determining the reactivity and consequently effectiveness of the RAFT agent at
mediating polymerization.

According to the explained reaction mechanism above, the rapid equilibrium
between the active propagating radicals and the polymeric thiocarbonylthio compounds
provides equal probability for all chains to grow and allows for the production of
polymers with controlled molecular weight and narrow molecular weight distribution
(low polydispersity). By considering this fact, a linear relationship between the number
average molecular weight and the conversion is assumed, thus the theoretical number

average molecular weight can be estimated using Equation 2.3.

[M] .
Mntheoreticalz mx conversion X MWMonomer +MWRAFT (23)
where;
[M] is the monomer concentration
[R] is the RAFT agent concentration
MW monomer IS the molecular weight of the monomer

MWkgagr is the molecular weight of the RAFT agent

2.3. End-group Functionalization of RAFT-Synthesized Polymers

The RAFT polymerization technique allows the generation of a wide range of
polymers with different functionalities. Polymers with different architectures could be
easily synthesized via RAFT polymerization. The colourful RAFT agent (such as
yellow, pink and red) is an indication of the final polymer containing non-degraded
RAFT end-groups which can be further utilized to chain extend or modify the end-

group of the polymers.
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As explained above, since RAFT mechanism proceeds by insertion of monomer
units into the C-S bond, end-functionalized polymers can be easily produced in one-step
by incorporating the functional groups into the RAFT agent (as R or Z-groups) (Chong
et al. 2007). There are a number of routes for the synthesis of RAFT agents which allow
the incorporation of functional end-groups to polymer chains. The incorporation of
functionality into the R or Z group of the RAFT agent results in the direct synthesis of
a-end or m-end-functionalized polymers, respectively (Willcock et al. 2010) with
examples including carboxylic acid (Skey et al. 2008), peptide (Hentschel et al.
2008)and lipid-functionalized polymers (Bathfield et al. 2008).

In addition to the direct synthesis of end-group functionalized polymers using
functionalized RAFT agents, the w-end of the RAFT-synthesized polymers, which
contains a thiocarbonylthio group allows for post-polymerization modification of the
polymers from w-terminus (Boyer et al. 2009).

To perform post-polymerization modifications on the wo-terminus of the RAFT-
synthesized polymers, the first step usually requires the cleavage of thiocarbonylthio
group of the polymer. There are number of methods available to cleave thiocarbonylthio

groups (Figure 2.7).

nucleophiles /\H/\H/\F
S / /\}/{(\H\r

Figure 2.7. Schematic of main methods for cleavage of thiocarbonylthio group in order
to perform post-polymerization modification of RAFT-synthesized
polymers (Source: Chong et al. 2007)
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Reaction of thiocarbonylthio compounds with nucleophiles and ionic reducing
agents (e.g. amines (Moad et al. 2005), hydroxide (Kabachii et al. 2006), borohydride
(Scales et al. 2006)) is one of the most well-established and widely reported methods for
post-polymerization modification of polymer end-groups. The reaction transforms the
thiocarbonyl containing group into a thiol which can be utilized in further coupling
reactions (Chong et al. 2007).

The kinetics and mechanism of the reaction of thiocarbonythio groups with
excess amines were reported in 1990 (Deletre et al. 1990) and the method has since
been used to cleave RAFT-end groups from polymers. Today it is one of the most
widely used and versatile methods of RAFT end-group conversion, resulting in the
formation of a thiol end-group that can be subsequently utilized in a number of
reactions (Figure 2.8). Either primary or secondary amines acting as nucleophiles can
convert a thiocarbonylthio group to a thiol. The exclusion of oxygen from the reaction is
vital as the thiols formed can be readily oxidized to disulfides resulting in dimerization
of polymer chains to yield higher molecular weights (Willcock et al. 2010).

Li et al. investigated the efficiency of primary, tertiary amines and phosphines,
for the reaction of a range of thiols with dimers and oligomers of some (meth)acrylates.
They reported that although primary and tertiary amines required several hours to reach
high conversion, they were efficient catalysts for the thiol-ene reaction. On the other
hand, the phosphine catalysts, dimethylphenylphosphine (DMPP) and tris-(2-
carboxyethyl)phosphine (TCEP), was an efficient catalyst yielding complete conversion
in few minutes under optimized conditions. However the concentration of DMPP was
found to be very important in reaction. When it was used in higher than catalytic level
side reactions occurred. The acidity of TCEP was also found to be important in the

same manner due to the side reactions occurred at acidic pH (Li et al. 2010).
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Figure 2.8. Schematic of aminolysis of RAFT end-group and further utilization of thiol
group via pyridyl disulfide, thiol-ene, thiol-iso-cyanate, thiol-epoxy, thiol-
bromo nucleophilic reactions (Source: Boyer et al. 2011).

<» functional compounds

Boyer et al. reported the investigation of aminolysis of w-end group of RAFT
polymers and simultaneous thiol-ene reactions. In order to overcome the disulfide
coupling problem during aminolysis reaction, the authors performed aminolysis
reactions in the presence of thiol-reactive compounds, such as pyridyldisulfide-bearing
or ene-bearing compounds. This led to simultaneous protection or functionalization of
the created thiol groups. They further used this versatile method to yield new
architectures (Boyer, Granville, Davis and Bulmus 2009).

Thermal elimination of the RAFT end-group from polymers is a method of end-
group removal that can result in sulfur free end-group. Thermolysis provides complete
desulfurization of the polymer yielding an unsaturated chain end. It has the advantage of
being easy to carry out with no chemical additions. One drawback of this method is that
the polymer and any functionality must be stable at the thermolysis conditions, which

typically involve temperatures from 120-200 °C.
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Radical induced reduction can also yield a sulfur-free hydrocarbon end group by
using hypophosphite salts as the H atom source and has been reported with the
advantage that both the excess reagent and by-products are water-soluble and thus can
be easily removed from the polymer (Chong et al. 2007). Radical induced reduction has
also been used to end-cap the polymer with the required group through the use of
functionalised azo-initiators (Heredia et al. 2009).

The end-group of the RAFT synthesized polymers were also modified with free-
radical sources via radical cross-coupling. Perrier et al. proved this method for the
removal of dithiobenzoate end groups from PMMA using 2,2’-azo(bis)isobutyronitrile
(AIBN) as the initiating species. They showed the complete removal of the RAFT end-
group along with the recovery of the RAFT agent with this method (Perrier et al. 2005).

There are also a number of examples of the use of the thiocarbonyl as a
dienophile with both small molecule dienes (Inglis et al. 2008) and dienes at polymer
chain ends (Sinnwell et al. 2008) in reversible hetero-Diels—Alder reactions. Such
reactions have been used to synthesise diblock copolymers as well as more complex

macromolecular structures such as star polymers (Willcock et al. 2010).
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CHAPTER 3

EXPERIMENTAL STUDY

3.1. Materials

Diethyleneglycol methyl ether methacrylate (MEO;MA) (number-average
molecular weight M,= 188 g/mol) (95%) and oligo(ethylene glycol) methyl ether
methacrylate (OEGMA) (number-average molecular weight M,= 300 g/mol) (%95)
were purchased from Sigma-Aldrich and deinhibited by passing through a basic
aluminium oxide column before use. 2,2 —Azobisisobutyronitrile (AIBN) was purchased
from Wako Chemicals and recrystallized in methanol twice before use. 4-Cyano-4-
(thiobenzoylthio)pentanoic acid (CDTB, 97%) and, 2,2'-dithiodipyridine (DTDP),
diethyl bromopropylphosphonate (DEBrPP, 97%), triethylamine (TEA,>99%),
hexylamine (HEA, 99%), and potassium carbonate (K,COs) were purchased from
Aldrich and used as received. Diethylether (Sigma, >99.7%), acetonitrile (Sigma-
Aldrich, >99.9%), dichloromethane (Sigma-Aldrich, >99.8%), dimethylformamide
(Sigma-Aldrich,  >99.9%), chloroform-d  (Sigma-Aldrich,  >99.8%), N,N-
dimethylacetamide (DMAc, Sigma-Aldrich, HPLC grade >99.9%, Alfa Easer HPLC
grade > 99.5%) were used as received and deionized water was obtained using a

Millipore MILIQ system with a resistivity of 18.2 m{Q/cm.

3.2. Methods

3.2.1. Synthesis of Polymers

Homo- and co-polymers of diethyleneglycol methyl ether methacrylate
(MEO,MA) and oligo(ethylene glycol) methyl ether methacrylate (OEGMA) were
synthesized via RAFT polymerization.

Polymerizations were carried out at 65 °C using AIBN as a radical initiator (I),

CDTB as a chain transfer agent (CTA) and acetonitrile as a solvent. Figure 3.1 shows
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schematically the polymerization reaction. Samples were synthesized at varying [Total
Monomer]/[CTA]/[I] and feed comonomer molar ratios. The total monomer
concentration was kept constant to be 1 M for all polymerizations. Table 3.1 shows the
[Total Monomer]/[CTA]/[I] and comonomer ratios in the feed and reaction conditions
used in copolymerization experiments. Briefly, all reagents at specified ratios were
dissolved in acetonitrile and the solution was placed in a reaction vial. Vial sealed with
septum was placed in an ice-bath and purged with nitrogen for 30 minutes. The vial was
then placed in an oil-bath at 65 °C. Polymerization was allowed to take place for a
predetermined time and then stopped by placing the vial in an ice-bath. The solvent was
removed under vacuum. Aliquot from the sample was taken for monomer conversion
analysis by 'H NMR.

cH, CH,

Hzcjgzo H,C Acetonitrile )k@
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Figure 3.1. Copolymerization of MEO,MA and OEGMA via RAFT polymerization

In order to purify (co)polymers, 3 different purification strategies were applied.
The first strategy was used for the polymers that have equal or higher than %50
OEGMA content. In the first strategy polymerization mixture after the removal of the
polymerization solvent was precipitated in diethylether. The samples were centrifuged
at 15000 rpm for 1 min. The supernatant was removed and fresh diethylether was added
to precipitate and the sample was redispersed in diethylether followed by centrifugation.
The same procedure was repeated 10 times. The final product was collected after drying
under vacuum. In order to determine purity and final copolymer composition *H NMR
analysis was performed.

The second purification strategy was used for the polymers that produced
contained 75% MeO,MA and 25% OEGMA, thus was not enough polar to precipitate
in diethylether. In the second strategy, water / ether extraction was applied to purify

samples. After the removal of polymerization solvent, polymer sample was dissolved in
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water and then extracted against diethylether using a water:ether (v:v) ratio of 1:3. The
extraction was repeated 10 times. The water phase was collected. The final product was
obtained after freeze-drying.

For the polymers that have 100% MEO;MA, since polymers are not polar
enough to use first two strategies the third strategy, i.e. thermal precipitation method
was then used. In this method, after removal of the polymerization solvent, the
polymerization mixture was dissolved in water at 4 °C. The solution was then heated to
80 °C, followed by centrifugation at 40 °C and 15000 rpm for 1 minute. The supernatant
was removed. The precipitate was dissolved again in water at 4 °C to repeat the
purification procedure. This process was repeated ten times. The final product was
obtained after freeze-drying.

After purification all polymers were characterized with 'H-NMR to satisfy the
polymers purity and for calculation of degree of polymerization, and final monomer
composition and also characterized with GPC for molecular weight and polydispersity

index determination.

Table 3.1. Feed monomer composition and reaction conditions of the samples

POLYMERIZATIONS PERFORMED TO INVESTIGATE POLYMERIZATION
KINETICS
Polymer [Total Monomer]/® Feed Composition Polymerization
Code ? [CDTB]/[A'BN] MEO,MA% OEGMA% Time
RCM-1 [20]/[1]/[0.25] 75 25 1hr
RCM-2 [20]/[1]/[0.25] 75 25 3hr
RCM-3 [20]/[1]/[0.25] 75 25 4hr
RCM-4 [20]/[1]/[0.25] 75 25 5hr
RCM-5 [20]/[1]/[0.25] 75 25 6hr
RCM-6 [50]/[1]/[0.25] 75 25 1hr
RCM-7 [50]/[1]/[0.25] 75 25 2hr
RCM-8 [50]/[1]/[0.25] 75 25 4hr
RCM-9 [50]/[1]/[0.25] 75 25 5hr
RCM-10 [50]/[1]/[0.25] 75 25 6hr
RCM-11 [100]/[1]/[0.25] 75 25 1hr
RCM-12 [100]/[1]/[0.25] 75 25 2hr
RCM-13 [100]/[1]/[0.25] 75 25 3hr
RCM-14 [100]/[1]/[0.25] 75 25 4hr
RCM-15 [100]/[1]/[0.25] 75 25 Shr
(cont.)
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Table 3.1. (cont.)

POLYMERIZATIONS PERFORMED TO INVESTIGATE REACTIVITY RATIO

OF COMONOMERS
RR-1 [500]/[1]/[0.25] 90 10 20min
RR-2 [500]/[1]/[0.25] 80 20 20min
RR-3 [500]/[1]/[0.25] 70 30 20min
RR-4 [500]/[1]/[0.25] 60 40 20min
RR-5 [500]/[1]/[0.25] 50 50 20min
RR-6 [500]/[1]/[0.25] 40 60 20min
RR-7 [500]/[1]/[0.25] 30 70 20min
RR-8 [500]/[1]/[0.25] 20 80 20min
RR-9 [500]/[1]/[0.25] 10 90 20min

POLYMERIZATIONS PERFORMED TO SYNTHESIZE POLYMERS FOR
INVESTIGATION OF TEMPERATURE-RESPONSIVE BEHAVIOR

PT-1 [20]/[1]/[0.25] 100 0 3hr
PT-2 [50]/[1]/[0.25] 100 0 2hr 45min
PT-3 [100]/[1]/[0.25] 100 0 3hr 15min
PT-4 [200]/[1]/[0.25] 100 0 3hr 45min
PT-5 [20]/[1]/[0.25] 75 25 3hr
PT-6 [20]/[1]/[0.25] 75 25 3hr
PT-7 [50]/[1]/[0.25] 75 25 3hr 30min
PT-8 [200]/[1]/[0.25] 75 25 3hr 30min
PT-9 [20]/[1]/[0.25] 50 50 2h 30min
PT-10 [20]/[1]/[0.25] 50 50 2hr 40min

PT-11 [50]/[1]/[0.25] 50 50 3hr 30min

PT-12 [200]/[1]/[0.25] 50 50 3h 45min

PT-13 [20]/[1]/[0.25] 25 75 2h 15min

PT-14 [40]/[1]/[0.25] 25 75 2h 15min

PT-15 [50]/[1]/[0.25] 25 75 3hr 30min

PT-16 [200]/[1]/[0.25] 25 75 3hr

PT-17 [20]/[1]/[0.25] 0 100 2hr

PT-18 [50]/[1]/[0.25] 0 100 2hr 40min

PT-19 [30]/[1]/[0.25] 0 100 Shr

PT-20 [50]/[1]/[0.25] 0 100 Shr

& All samples were synthesized at 65°C.
® 11y all reactions total monomer concentration was 1M.
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3.2.2. End-group Modification

3.2.2.1.End-group Modification of Polymers with DiThioDiPyridine
(DTDP)

Modification of polymers with dithiodipyridine (DTDP) to vyield
pyridyldisulfide (pds) ended polymers was performed via one-pot aminolysis reaction
following the procedures reported previously (Boyer, Liu, Bulmus and Davis 2009). In
pds modification reactions, all reagents were dissolved and reacted in one-pot. Figure

3.2 shows schematically the modification of polymers’ end group by pds group.
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Figure 3.2. Reaction scheme for pds-terminated polymer synthesis via one-pot
aminolysis reaction

Briefly, [Polymer]/[DTDP]/[HEA])/[TEA] were dissolved in acetonitrile at a
molar ratio of 1/10/10/10. Polymer concentration was set to 4 mM. After purging the
solution with N for 30 min, the reaction mixture was allowed to react for 3 hours. After
the reaction, reaction mixture was purified via ether precipitation or water/ ether
extraction to yield pds-terminated polymer.

After purification all polymers were characterized with *H-NMR to satisfy the
polymers purity and to examine the efficiency of modification reaction. Polymers also

characterized with GPC for molecular weight and polydispersity index determination.
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3.2.2.2. End-group Modification of Polymers with
DiEthylBromoPropylPhosphonate (DEBrPP)

In order to modify polymers with phosphonate end-group, modification was
performed in two steps: The first step was to aminolyze the polymer to thiol-terminated
polymer. The thiol-terminated polymer was purified and then reacted with DEBrPP in
the presence of a base, potassium carbonate (K,CO3) to yield phosphonate-terminated
polymer via Michael addition reaction (Figure 3.3).
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Figure 3.3. Reaction scheme for phosphonate-terminated polymer synthesis via a two-
step strategy, Michael addition reaction performed subsequent to
aminolysis.

Briefly, poly(MEO,MA) homopolymer or (poly(MEO;MA-co-OEGMA)
copolymer (4 mM) was first aminolyzed in acetonitrile at room temperature using a
[Polymer]/[HEA]J/[TEA] molar ratio of 1/10/10 for 3 hours under N,. After purification
via ether precipitation, the thiol-terminated polymer was dried in vacuum. The

following phosphonation reactions conditions were modified from Sanfrutos et al.
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(Sanfrutos et al. 2011). Briefly, purified, thiol-terminated polymer was dissolved in
acetonitrile (60 mM) and reacted with DEBrPP in the presence of K,CO;3; at room
temperature  for 24  hours. The reaction was performed at a
[Polymer]/[DEBrPP]/[K2CO3] molar ratio of 1/1.2/1.8. After the reaction, the reaction
mixture was purified via ether precipitation to yield phosphonate-terminated polymer.
After purification polymers were characterized with *H-NMR to satisfy the
polymers purity and with *'P to examine the modification reaction successful or not.
Polymers also characterized with GPC for molecular weight and polydispersity index

determination.

3.3. Instruments

3.3.1. Nuclear Magnetic Resonance (NMR) Spectroscopy

All 'H and *P NMR spectra were taken using a Varian VNMRJ 400
spectrometer at Izmir Institute of Technology or Varian Mercury Plus 400 Actively
Shielded NMR spectrometer at Ebiltem NMR Laboratory, Ege University, lzmir by
using CDCl; as solvent. The purity, chemical composition, molecular weight and end-

group modifications of all polymers produced were determined by NMR spectroscopy.

3.3.2. Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) analyses were performed using N,N-
dimethylacetamide (DMAc containing 0.05% w/v LiBr) as mobile phase. Analyses
were performed using a Shimadzu modular system consisting of an DGU-20A degasser,
LC-20AD pump, SIL-20HT auto-injector, CTO-10AS VP column oven, PSS-UDC-810
connection unit and a Polymer Standarts Service 10um particle-size guard column (50 x
8.0mm) followed by two analytical PSS (Gram) columns (30 and 100 A) at 25 °C (flow
rate = 1ml/min) and an RID-10A refractive-index detector. The calibration was
performed with poly(methyl methacrylate) standards having molecular weights ranging

from 410 to 46000 g/mol and narrow polydispersity.
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3.3.3. UV-Visible (UV-Vis) Spectrophotometer

For determination of Lower Critical Solution Temperature (LCST), either
Thermo-Scientific Evolution 201 or Perkin-Elmer Lambda-45 double beam
spectrophotometers with a detection range from 190 to 1100 nm and a photometric
detection range of 3.5 absorbance units was used. The instruments were equipped with a
thermostatted heating cell unit and a heating bath. LCST of polymers were determined
at 500 nm wavelength using polymer solutions in water prepared at 1 mg/ml
concentration. The heating rate was constant for all measurements (2 °C/min). The
temperature, at which 10% of maximum absorbance was observed, was defined as
LCST.
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CHAPTER 4

RESULTS and DISCUSSIONS

4.1. Synthesis of Oligoethyleneglycol Methyl Ether Methacrylate
(OEGMA) and Diethyleneglycol Methyl Ether Methacrylate
(MEO;MA) (Co)polymers via RAFT Polymerization

Oligoethyleneglycol methyl ether methacrylate (OEGMA) and diethyleneglycol
methyl ether methacrylate (MEO,MA) were copolymerized in the presence of 4-Cyano-
4- (thiobenzoylthio)pentanoic acid (CDTB) as a RAFT agent and AIBN as a radical
initiator. A series of polymerization Kkinetic experiments were first performed to
determine the conditions at which the (co)polymerizations were controlled by RAFT
mechanism. In these experiments, comonomers at a [MEO,MA]/[OEGMA] ratio of
75/25 were polymerized at three different monomer/RAFT agent molar ratios ([M]/[R])
(100/1, 50/1 and 20/1) for varying polymerization times (from 1 to 6 h). Monomer
conversion, molecular weight and molecular weight distribution (polydispersity index,
(PDI)) were investigated by NMR and GPC, respectively to investigate whether the
polymerizations were RAFT-controlled.

The polymerization conditions and the conversion values determined from NMR
analysis of the crude polymerization mixture are listed in Table 4.1. The conversion
values were calculated according to Equation 4.1. In this equation, the integral of the
signal between 4.0 and 4.4 ppm belongs to 2 protons of methylene group of
oligoethylene glycol side chains (a in Figure 4.1) of both the monomers and polymer.
On the other hand, the integral of the signal between 5.6 ppm and 6.2 ppm belongs to
cis- and trans- protons of vinyl protons monomer (b in Figure 4.1). The conversion

values increased gradually with polymerization time, as expected.

4.4ppm ) f ) f b
. 4.0ppm 5.6ppm 6.1ppm a-
Conversion % = 2 dppm x 100= - 4.1)
f4.0ppm
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Figure 4.1."H-NMR spectrum of polymerization crude mixture obtained at a
[Monomer]/[CDTB]/[AIBN] molar ratio of 20/1/0.25, a feed comonomer
[MEO;MA]/[OEGMA] ratio of 75/25 and polymerization time= 3 hours.)

According to the conversion values, the first-order monomer conversion plot
(i.e. logarithmic plot of the ratio of the initial monomer concentration (Mo) to the
monomer concentration left after a determined polymerization time) was drawn against
polymerization time (In (Mo/M) vs. time) in Figure 4.2. The linear increase in
In(Mo/M) with respect to time is an expected result for a living/controlled
polymerization such as RAFT polymerization. This linear increase shows that the
polymerization is in a stationary state and occurs under constant propagating radical
concentration.

The number average molecular weight (Mn) and molecular weight distribution
(i.e. polydispersity index, PDI) of polymers were also characterized using gel
permeation chromatography (GPC). Table 4.1 shows both the theoretical and
experimental Mn’s of the purified polymers. Theoretical molecular weights were

calculated according to Equation 2.3.
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Since in propagation step polymer chains are growing equally molecular weight

distribution of final polymer product is narrow. This behaviour was shown in Figure 4.3

1.4

!
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0,8 1

Ln(Mo/M)

0,6

0,4 1

0,2 1

B [M]/[R]/[1]: 20/1/0.25
® [M]/[R]/[1]: 50/1/0.25
A [M]/[R}/[1] : 100/1/0.25

) °
R*=0,953

Reaction Time(hr)

Figure 4.2. Ln(Mo/M) versus polymerization time graph

Table 4.1. Polymerization conditions and the properties of the polymers obtained from
the polymerization Kinetic experiments.

Polymer [Monomer]/ ? Polymerization | Conversion

Code | [CDTBJ/[AIBN] Time (h) (mol %)° | Mngpe)® | MN(rheq)’ | PDIC
RCM-1 20/1/0.25 1 8.5 1000 650 1.13
RCM-2 20/1/0.25 3 30.0 1800 1500 1.18
RCM-3 20/1/0.25 4 415 2100 2100 1.18
RCM-4 20/1/0.25 5 54.0 2600 2600 1.17
RCM-5 20/1/0.25 6 66.5 3100 3150 1.17
RCM-6 50/1/0.25 1 8.5 3100 1200 1.85
RCM-7 50/1/0.25 2 20.5 3900 2500 1.10
RCM-8 50/1/0.25 4 56.5 6800 6400 1.18
RCM-9 50/1/0.25 5 58.0 6600 6550 1.11
RCM-10 50/1/0.25 6 72.0 7300 8050 1.16
RCM-11 100/1/0.25 1 14.0 3900 3300 1.09
RCM-12 100/1/0.25 2 18.5 4200 4300 1.13
RCM-13 100/1/0.25 3 33.5 6100 7500 1.17
RCM-14 100/1/0.25 4 48.5 8300 10750 1.16
RCM-15 100/1/0.25 5 60.5 9100 13350 1.14

2 The molar ratio of total monomer, RAFT agent (CDTB) and initiator (AIBN). ® The
monomer conversion was determined by *H-NMR according to Equation 4.1. © (Mngpc)
and polydispersity index (PDI) determined by gel permeation chromatography °
Calculated according to Equation 2.3
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Figure 4.3. Number Average Molecular Weight (Mngpc) (filled data points) and
Polydispersity Index(PDI) (empty data points) of copolymers obtained at a
[MEO,MA]/[OEGMA3p] feed ratio of 75/25 and varying [Total
monomer]/[RAFT]/ [Initiator] ([MJ/[R]/[1]) ratios with respect to monomer
conversion (%).

The linear increase in molecular weight (Figure 4.3) with respect to monomer
conversion and low PDI values (<1.2) proves the RAFT-controlled mechanism of
MeO,MA and OEGMA copolymerizations (Boyer et al. 2009). The increase in Mn with
the increase in [M]/[R] ratio, and the good agreement between the theoretical and
experimental molecular weights are also direct evidences of RAFT-controlled
copolymerization mechanism (Boyer 2011). Since all polymeric chains in propagation
step grows equally, in final polymer product all chains are at similar length. As a result
of this, low PDI values are obtained. RAFT agent controls the rate of addition and
fragmentation, the rapid equilibrium between the active propagating radicals and the
polymeric thiocarbonylthio compounds provides equal probability for all chains to grow
and allows for the production of polymers with controlled molecular weight. This leads

to a linear relationship between molecular weight and conversion.
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4.2. Determination of Reactivity Ratios of MEO,;MA and OEGMA;z

In order to determine the type of copolymers to be synthesized from the
comonomer pair used, i.e. MEO;MA and OEGMA3q, a series of copolymerization
experiments were performed by changing the comonomer molar ratios in the
polymerization feed. Copolymerizations were deliberately stopped at low conversions
(<10%) to be able to determine the reactivity ratios of comonomers without having an
effect due to the feed comonomer composition drifts. The resultant copolymer
compositions were determined using ‘H-NMR spectra of the purified copolymer
samples (Figure 4.4, top spectrum). The resultant copolymer composition was
calculated using Equations 4.2 and 4.3.Table 4.2 shows the polymerization conditions
and the properties of the final polymer products obtained in reactivity ratio

determination experiments.

CDCl, l
RR-A-nonpure )\( ‘{ J

FNEY

T T
8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5

T T T T T
4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.
fi (ppm)

Figure 4.4. *H-NMR spectra of a copolymer sample before and after purification. The
copolymer was obtained using a [MEO;MA]/[OEGMA3q] feed ratio of
91/9 and a [M]/[R]/[I]) ratio of 500/1/0.25 (RR-A in Table 4.2).
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In Figure 4.4, a is the signal of 2 protons of methylene group (CH,-CH,-O-
C(=0)) next to the ester group present in both comonomers and b is the signal of the
remaining 9 protons in the oligoethyleneglycol side chain of MEO;MA and 19 protons
in that of OEGMA. Copolymer compositions calculated using these signals and
Equations 4.2 and 4.3, are plotted versus feed composition (Figure 4.5).

4.4ppm
2M+20 = f = a (in Figure 4.4 top) 4.2)
4.0ppm
3.9ppm
IM+190 = f =Db (in Figure 4.4 top) (4.3)
3.1ppm

where,
M and O: molar fractions of MEO,MA and OEGMA in copolymer, respectively
a and b: Integral value of 2 protons of methylene group adjacent to the ester group and

integral value of remaining oligoethyleneglycol side chain protons, respectively.

Simultaneous solution of Equations 4.2 and 4.3 directly gives the composition of

copolymer.

Table 4.2. Polymerization conditions used for determination of reactivity ratios of
comonomers and the properties of the resultant polymers

[Total Copolymer
Sample | Feed Composition 2 Monomer]/ |Polymerization | Conversion Composition®
Code |MEO,MA% OEGMA% | [CDTB]/[AIBN] Time % 2 MEO,MA% OEGMA%
RR-A 91 9 [500]/[1)/[0.25] 20min 7.0 91 9
RR-B 84 16 [500]/[1)/[0.25] 20min 9.0 84 16
RR-C 74 26 [500]/[1)/[0.25] 20min 8.5 73 27
RR-D 61 39 [500]/[1)/[0.25] 20min 6.0 63 37
RR-E 53 47 [500]/[1)/[0.25] 20min 8.0 53 47
RR-F 44 56 [500]/[1)/[0.25] 20min 8.0 45 56
RR-G 37 63 [500]/[1)/[0.25] 20min 6.5 36 64
RR-H 27 73 [500]/[1)/[0.25] 20min 8.0 28 72
RR-I 17 83 [500]/[1)/[0.25] 20min 3.0 17 83

2 Calculated by using Equation 4.1 from "H-NMR spectrum of non-purified sample
b Calculated by using Equation 4.2 and 4.3 from *H-NMR spectrum of purified sample
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Figure 4.5. Copolymer OEGMA content versus OEGMA content in the feed (mol%)

The diagonal trendline (dashed line) in the graph represents the perfect statistical
copolymerization. In a statistical copolymerization (ideal random copolymerization) the
feed composition of the comonomers determines exactly the copolymer composition.
As it can be seen from the graph, the data obtained experimentally fits very well with
the diagonal line representing the statistical copolymerization, suggesting that the
copolymers of OEGMA and MEO,MA are statistical. To verify this, reactivity ratios,
defined as the relative preferences of the radical species for the monomers, were
calculated using Kelen-Tiidos method (Equation 4.4) (Painter 2008).

& = (19 (44
where;
x(y-Dly Xy N
"y &= oy o= J )10 O Y )i
and x=[M,]/[M,] y=d [M;]/d[M,]

rpandr;: reactivity ratio of monomer 1 and monomer 2, respectively.
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d[M1] and d[MZ2]: instantaneous concentrations of monomer 1 and monomer 2
respectively
[M1] and [M2]: feed concentrations of monomer 1 and monomer 2 respectively

With the values calculated based on Equation 4.4 in which monomers 1 and 2 were
MEO,;MA and OEGMA, respectively, Kelen-Tiidos Plot was constructed (Figure 4.6).

Kelen-Tiidos Plot
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06 - y = 1,5948x - 0,6392
oa R2=0,9971
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-0,2 A
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Figure 4.6. Kelen-Tiidos Plot of MEO,MA and OEGMA copolymerization

According to Figure 4.6 the reactivity ratios are calculated at {=1 and ¢=0.
When ¢=1 Equation 4.4 becomes n = r; and when (=0 n = —r,/a. From the plot, r;
(monomer 1= MEO,;MA) was found to be 0.96 and r, (monomer 2= OEGMA) was
found to be 0.98. This condition provides a special case where r; = r, = 1, which shows
that both MEO,MA and OEGMA comonomers add with equal probability to the
growing chains, regardless of the nature of the radical species in the terminal position.
The resulting copolymer is truly random and its composition is exactly the same as the

“feed composition” (Painter 2008).
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4.3. Characterization of Temperature-Responsive Behaviour

From the results above, it was shown that the copolymerization of OEGMA and
MEO;MA is well controlled by RAFT mechanism. Thus the molecular weight and end-
group of the copolymers can be controlled and well-defined copolymers can be
synthesized. Furthermore, the copolymer composition can be easily controlled by the
polymerization feed composition. Based on these findings, a large number of
copolymers with varying molecular weights, compositions and end-group
functionalities were synthesized to investigate the effect of these properties on the
temperature-responsive behaviour of the copolymers. The synthesis of the copolymers
is described below, followed by the characterization of temperature-responsive

behaviour.

4.3.1. Synthesis of Polymers

In order to investigate the effect of copolymer composition and molecular
weight on lower critical solution temperature (LCST) of the polymers, polymers were
synthesized at 5 different feed compositions targeting 4 different degrees of
polymerization (DP=10, DP=20, DP=30, DP=50) at each feed composition. Properties

of the synthesized polymers are shown in Table 4.3.
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Table 4.3. Properties of polymers synthesized to have varying molecular weights,
compositions and end-group functionalities.

Sample Composition®
Code |Mnywr®| DP? |Mngec® | PDI® | MEO,MA | OEGMA
PT-1 | 23K 11 | 24K | 1.15 100% 0%
PT-2 | 3.6K 18 | 32K | 1.14 100% 0%
PT-3 | 58K 29 | 44K | 1.22 100% 0%
PT-4 | 9.7K 53 | 86K | 1.18 100% 0%
PT-5 | 24K 10 | 20K | 1.20 7% 23%
PT-6 | 43K 19 | 3.2K | 1.08 74% 26%
PT-7 | 6.1K 27 | 47K | 1.08 75% 25%
PT-8 | 11.7K | 53 | 96K | 1.21 75% 25%
PT-9 | 3.4K 12 | 29K | 1.08 51% 49%
PT-10 | 4.9K 19 | 34K | 1.14 50% 50%
PT-11 | 7.5K 29 | 49K | 1.18 51% 49%
PT-12 | 137K | 55 | 10.3K | 1.29 51% 49%
PT-13 | 3.2K 11 | 26K | 1.09 25% 75%
PT-14 | 49K | 17 | 30K | 1.15 25% 75%
PT-15 | 8.2K 29 | 52K | 1.23 25% 75%
PT-16 | 130K | 47 | 9.0K | 1.21 26% 74%
PT-17 | 3.3K 10 | 22K | 1.20 0% 100%
PT-18 | 5.6K 18 | 35K | 1.15 0% 100%
PT-19 | 8.7K 28 | 6.0K | 1.17 0% 100%
PT-20 | 168K | 55 | 9.9K | 1.22 0% 100%

P Calculated by using Equation 4.5 and 4.6 respectively from 'H-NMR spectrum of
purified sample ¢ Calculated by using Equation 4.2 and 4.3 from *H-NMR spectrum of
purified sample “(Mngpc) and (PDI) determined by gel permeation chromatography.

The number average molecular weight (Mngpc) and PDI of the samples were
determined using GPC. The Mn (Mnnwr), degree of polymerization (DP) and
copolymer compositions were determined via ‘H-NMR spectroscopy. Copolymer
compositions were calculated using Equations 4.2 and 4.3. Degree of polymerization of
copolymers (DP) and Mnywr of polymers were calculated according to Equations 4.5
and 4.6 respectively, using the integration of the characteristic signals belonging to
RAFT agent (r signal at 7.4, 7.5 and 7.9 ppm, Figure 4.7) and oligoethylene glycol side
chains (a signal at 4.1 ppm, Figure 4.7) in *H-NMR spectrum. For calculation of Mnywr
and DP, it was assumed that there were negligible termination reactions in

polymerizations. Hence each polymeric chain was assumed to possess a RAFT end-
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group. Equation 4.5 can therefore be used to find the number of monomeric units per
RAFT group or in other words the degree of polymerization (DP). Degree of

polymerization can be related to the molecular weight using Equation 4.6.
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Figure 4.7. *H-NMR spectrum of purified Poly(MEO,MA) was obtained using a
[MY/[R]/[1]) ratio of 20/1/0.25 (PT-1 in Table 4.3).

PEG

/2 a/2
. . S 4.1ppm _
Degree of Polymerization (DP)= — %+ 5 1/ 4.5)
7.3-7.9ppm
(W)*(Mwmonomer— )* +
MI’INMR:{ D) # * 1 YI] (4.6)
[ (DP) (Mwmonomer—Z) y2]+[MWCDTB]

where,
y1 and y,: molar fraction of the monomer 1 and monomer 2 in the polymer respectively
MWmonomer-1 @aNd MWmonomer-2 aNd MWcprg: Molecular weights of monomer 1, monomer

2 and RAFT agent respectively.
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4.3.2. End-Group Modification with Pyridyl DiSulfide (PDS)

In order to investigate the effect of end-group chemistry on the temperature-
responsive behaviour, the ®-end group of the polymers synthesized via RAFT
polymerization was modified with pyridyl disulfide (PDS) group. PDS group was
shown before to have affinity to gold surfaces (Zareie et al. 2008). Considering the
possible use of the polymers with gold surfaces polymers were modified with PDS
group. After purification, the PDS-modified polymers were characterized via *H-NMR
spectroscopy. Additionally, GPC was used to see if there was any change in molecular
weight of polymers after modification reaction. Replacement of the RAFT end group of
polymers with PDS group is shown in Figure 4.8. It is clearly seen in NMR spectra that
the benzylic protons of the RAFT end-group at 7.4, 7.5 and 7.9 ppm disappear after
modification while PDS group protons at 7.1- 7.6 -8.4 ppm appear. Figure 4.9 shows the
GPC chromatogram of the polymer before and after modification with PDS. There was
not a significant change in molecular weight, indicating the absence of disulphide
coupling between two thiol-terminated polymer chains, which were intermediate
molecules formed after aminolysis reaction of the polymer RAFT end-groups.
According to GPC chromatograms, Mngpc of polymer before modification was 2400
and after modification 2700. PDI before and after modification was 1.15 and 1.17,
respectively.

The properties of all polymers before and after PDS modification are listed in
Table 4.4.
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Figure 4.8. *H-NMR spectra of Poly(MEO,MA) having Mn of 2,4K, PDI of 1.15, DP of
11 (PT-1 coded polymer in Table 4.3) before and after PDS modification.
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Figure 4.9. GPC chromatogram of PT-1 coded polymer before and after PDS
modification
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Table 4.4. Properties of polymers before and after PDS modification

BEFORE MODIFICATION AFTER MODIFICATION
Sample Mnnmr DP Mngpc PDI Mngpc PDI
PT-1 2.3K 11 2.4K 1.15 2.8K 1.17
PT-2 3.6K 18 3.2K 1.14 3.4K 1.15
PT-3 5.8K 29 4.4K 1.22 5.4K 1.14
PT-4 9.7K 53 8.6K 1.18 8.8K 1.20
PT-5 2.4K 10 2.0K 1.20 2.0K 1.17
PT-6 4.3K 19 3.2K 1.08 3.4K 1,17
PT-7 6.1K 27 47K 1.08 5.0K 1.22
PT-8 | 11.7K 53 9.6K 1.21 10.0K 1.25
PT-9 3.4K 12 2.9K 1.08 3.2K 1.16
PT-10 | 4.9K 19 3.4K 1.14 3.6K 1.19
PT-11 | 7.5K 29 4.9K 1.18 5.5K 1.26
PT-12 | 13.7K 55 10.3K | 1.29 11.3K 1.33
PT-17 | 3.3K 10 2.2K 1.20 2.8K 1.23
PT-18 | 5.6K 18 3.5K 1.15 3,.9K 1.20
PT-19 | 8.7K 28 6.0K 1.17 6.1K 1.27
PT-20 | 16.8K 55 9.9K 1.22 10.0K 1.27

4.3.3. End-Group Modification with Phosphonate

The RAFT-end group of polymers was also replaced with a phosphonate group.
In order to perform this reaction diethyl bromopropyl phosphonate (DEBrPP) was used.
Phosphonate group was shown before to have affinity to Al,O3 surfaces. Considering
the possible use of the polymers with Al,O3 surfaces polymers were modified with
phosphonate group. The end-group modification was characterized by *'P-NMR
spectroscopy. Polymers were also characterized using GPC to investigate whether there
was any change in molecular weight and PDI.

Figure 4.10 shows the *H-NMR spectra of Poly(MEO,MA) having Mn of 2,4 K,
PDI of 1.15, DP of 11 (PT-1 coded polymer in Table 4.5) before and after phosphonate
modification. The RAFT end-group was efficiently removed as indicated by the
disappearance of its characteristic signals at 7.3-7.9 ppm after modification. Figure 4.11
shows the *P-NMR spectra of phosphonate modified polymer and non-reacted
DEBrPP. DEBrPP has an identical signal at 30.4 ppm. Upon thio-bromo reaction
between the aminolyzed polymer and DEBIPP, a shift in **P-NMR spectrum to 31.0
ppm is observed. This shows the successful modification of the RAFT end-group of the

polymer with phosphonate group.
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Figure 4.10. *"H-NMR spectra of poly(MEO,MA) having Mn of 2,4K, PDI of 1.15, DP
of 11 (PT-1 coded polymer in Table 4.5) polymer before and after
phosphonate modification and non-reacted DEBrPP
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Figure 4.11. 3*P-NMR spectrum of poly(MEO,MA) having Mn of 2,4 K, PDI of 1.15,
DP of 11 (PT-1 coded polymer in Table 4.5) polymer after phosphonate
modification and non-reacted DEBrPP spectrum.
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According to Figure 4.12, elution time of the polymer after phosphonate

modification shifts insignificantly to shorter elution times. According to these

chromatograms, Mngpc Of polymer before and after modification was 2400 and 2900,

respectively. Also PDI before and after modification were 1.15 and 1.19, respectively.

This means that while modification reaction occurs, polymer chains undergo disulphide

coupling reactions insignificantly.
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Figure 4.12. GPC chromatogram of PT-1 coded polymer before and after modification

Table 4.5. Properties of polymers before and after phosphonate modification

BEFORE MODIFICATION AFTER MODIFICATION
Sample Mnnmr DP Mngpc PDI Mngpc PDI
PT-1 2.3K 11 2.4K 1.15 2.9K 1.19
PT-2 3.6K 18 3.2K 1.14 3.7K 1.20
PT-3 5.8K 29 4.4K 1.22 5.9K 1.23
PT-4 9.7K 53 8.6K 1.18 10.4K 1.25
PT-5 2.4K 10 2.0K 1.20 2.5K 1.23
PT-6 4.3K 19 3.2K 1.08 3.5K 1.24
PT-7 6.1K 27 4.7K 1.08 4.9K 1.28
PT-8 11.7K 53 9.6K 1.21 10.5K 1.33
PT-9 3.4K 12 2.9K 1.08 3.5K 1.23
PT-10 4.9K 19 3.4K 1.14 4.5K 1.27
PT-11 7.5K 29 49K 1.18 5.5K 1.29
PT-12 13.7K 55 10.3K 1.29 12.6K 1.34
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4.4. Lower Critical Solution Temperature (LCST) Determination

Lower critical solution temperature (LCST) measurements were performed
using a UV-vis spectrophotometer. Polymer concentrations were constant at 1 mg/ml.
10% of maximum absorbance at 500 nm was defined as LCST of polymer.
Measurement for each sample was repeated for 3 times, and the average LCST values
were calculated. Figure 4.13 is an example of the absorbance versus temperature graphs
of polymers (For the absorbance vs. temperature graph of other polymers see Appendix
A). Polymer chains in solution below the critical solution temperature are in expanded
coil conformation. When temperature reaches lower critical solution temperature
(LCST), polymer chains collapse and form compact globules. This phase change causes
an increase in the turbidity of solution. Increase in temperature up to LCST of polymer
does not result in turbidity and after LCST absorbance increases sharply. This was
clearly seen in Figure 4.13. Effect of copolymer composition, molecular weight (degree
of polymerization) and end-group modification on the LCST of polymers were
investigated. Table 4.6 lists the LCST of RAFT, PDS and phosphonate terminated

polymers with varying compositions and molecular weights.
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_
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Figure 4.13. Absorbance versus temperature graphs of poly(MEO,MA) having Mn of
5.8 K, PDI of 1.22, DP of 29 (PT-3 coded polymer in Table 4.6) polymer
with RAFT, PDS or phosphonate end-groups. Three different measurements
of each sample are shown in the figure.
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Table 4.6. Lower critical solution temperature (LCST) of RAFT, PDS and phosphonate terminated polymers having varying compositions,
number average molecular weights (Mn) and degree of polymerizations (DP).

Sample Copolymer Composition(mol%) LCST (°C)
Code Mnnmr DP Mngpc PDI MEO,MA OEGMA RAFT PDS Phosphate
PT-1 2.3K 11 2.4K 1.15 100% 0% <14.0 34.9+£0.6 35.5+0.5
PT-2 3.6K 18 3.2K 1.14 100% 0% 22.4+0.2 38.1+0.6 35.6+0.8
PT-3 5.8K 29 4.4K 1.22 100% 0% 25.8+0.2 35.8+0.2 32.8+0.4
PT-4 9.7K 53 8.6K 1.18 100% 0% 30.9+0.9 31.6+0.3 31.1+0.7
PT-5 2.4K 10 2.0K 1.20 77% 23% 19.3+0.8 58.8+0.7 53.0+1.4
PT-6 4.3K 19 3.2K 1.08 74% 26% 42.8+0.8 51.5+0.5 49.1+0.4
PT-7 6.1K 27 4.7K 1.08 75% 25% 47.5+0.5 51.4+0.3 51.5+0.1
PT-8 11.7K 53 9.6K 1.21 75% 25% 46.3+0.2 47.5+0.5 47.240.1
PT-9 3.4K 12 2.9K 1.08 51% 49% 51.1£1.0 60.3+0.7 61.4+0.9
PT-10 4.9K 19 3.4K 1.14 50% 50% 54.7+0.6 65.3+0.6 62.2+0.2
PT-11 7.5K 29 4.9K 1.18 51% 49% 57.2+0.2 59.6+0.8 61.5+0.5
PT-12 13.7K 55 10.3K 1.29 51% 49% 56.7+0.6 56.9+0.7 57.7£0.5
PT-13 3.2K 11 2.6K 1.09 25% 75% 57.0£0.7 N.D. N.D.
PT-14 4.9K 17 3.0K 1.15 25% 75% 64.7+0.3 N.D. N.D.
PT-15 8.2K 29 5.2K 1.23 25% 75% 66.4+0.2 N.D. N.D.
PT-16 13.0K 47 9.0K 1.21 26% 74% 68.3+0.3 N.D. N.D.
PT-17 3.3K 10 2.2K 1.20 0% 100% 66.5+0.5 76.0+1.6 N.D.
PT-18 5.6K 18 3.5K 1.15 0% 100% 72.8+0.6 81.0+0.9 N.D.
PT-19 8.7K 28 6.0K 1.17 0% 100% 73.7+0.3 75.0+£0.4 N.D.
PT-20 16.8K 55 9.9K 1.22 0% 100% 73.3£1.1 74.6+0.2 N.D.

*N.D. not determined



4.4.1. Effect of Copolymer Composition and Molecular Weight on
LCST

In order to investigate the effect of monomer composition on LCST, polymers at
5 different compositions were synthesized. LCST values of these polymers are shown in
Figure .4.14. According to Figure .4.14 approximately at the same degree of
polymerization, when the OEGMA content of the copolymers increases, the LCST
increases. Since OEGMA has more hydrophilic units (longer oligoethylene glycol
chain) than MEO,MA, hydrophilic-hydrophobic balance of the copolymer shifts to
hydrophilic side when OEGMA content of the copolymer increases. Increase in
hydrophilicity increases the LCST of the polymer. This gives the opportunity for tuning
the LCST of oligoethylene glycol methacrylate copolymers by changing the
comonomer ratios in the copolymer. As Lutz and his team reported, (Lutz et al. 2009)
the LCST of P(OEGMA-co- MEO;MA) can be precisely tuned in the range of the
LCST of two homopolymers. They reported the LCST of poly(MEO;MA) (Mn= 21 K)
and poly(OEGMA) (Mn= 30 K) as 28 and 65 °C, respectively. However, we found the
LCST of poly(MEO;MA) (Mn= 10 K) and poly(OEGMA) (Mn=17 K) polymers as 31
°C and 73 °C. Difference in the LCST of polymers is the because of different polymer
concentrations in measurement; they performed experiments with 3mg/ml polymer
concentration while in this study experiments were performed with 1mg/ml polymer
concentration. In our study, it was possible to synthesize copolymers that have a LCST
between the LCST of two respective homopolymers by only changing the comonomer
ratio in the copolymer.

On the other hand, at the same copolymer composition, an increase in the degree
of polymerization (or molecular weight) results in an increase in the LCST up to a
certain level, that depending again on the hydrophilic/hydrophobic balance of the
copolymer. For example, the LCST of poly(MEO,MA) (0% OEGMA) increases
gradually from 14 °C to 31 °C, while degree of polymerization (DP) increases from 10
to 50, however the LCST of poly(OEGMA) (100% OEGMA) increases only from 67 °C
73 °C when DP of polymer increases from 10 to 20 and then further increase in DP does
not affect the LCST of poly(OEGMA). It was hypothesized that this effect was due to
the decreasing effect of the hydrophobic RAFT-end group, rather than the direct effect
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of DP, on the LCST of the copolymers with increasing DP. Since there is a
thiocarbonylthio end-group of the polymer which is relatively hydrophobic compared to
the polymer structure itself, it increases the hydrophobicity of the whole structure which
overall decreases the LCST of the polymer by simply making the polymer less water
soluble. When the DP of the polymer increases, hydrophobic effect of this RAFT end-
group becomes negligible. This hypothesis was further investigated in later sections, as

explained below.

EmDP:10 mDP:20 mDP:30 mDP:50
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0 25 50 75 100
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Figure .4.14. Effect of both monomer composition and degree of polymerization on
LCST of polymers with RAFT end-group

4.4.2. Effect of End-group Modification and Molecular Weight on
LCST

Effect of end-group modification (with RAFT, PDS or phosphonate group) on
LCST of polymers was investigated at 4 different copolymer compositions
(Poly(MeO,MA), Poly(MeO;MA,75-C0-OEGMA,5) and Poly(MeO,;MA so-CO-
OEGMA 50)) and Poly(OEGMA). One exception was that the effect of phosphonate
modification of Poly(OEGMA) was not investigated as the LCST value of this most

hydrophilic polymer was already above 75 °C which was at the limit of heating system
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used in the experiments. In Figure 4.15 the effect end-group modification and molecular
weight (degree of polymerization) on the LCST of Poly(MEO,MA) (0%OEGMA) is
shown. According to the figure, replacement of the hydrophobic RAFT end-group with
a relatively more hydrophilic PDS or phosphonate group, changes the
hydrophilic/hydrophobic balance of the polymer. Since a relatively more hydrophilic
group (PDS or phosphonate) was added to the polymer structure, the LCST of the
lowest molecular weight polymer increased by about 20 °C. However, the increase in
LCST with the addition of hydrophilic end-group appeared to depend on molecular
weight of poly(MEO>MA) polymer, as the polymer with a DP of 50 a change in the
LCST change was not observed. When molecular weight (hence the DP) of the polymer
is relatively small, the effect of end-group modification on LCST becomes more
significant. When molecular weight of the polymer gets higher, the effect of the
hydrophilicity or hydrophobicity of the end-group becomes negligible. This results in a
less profound in LCST of the polymer. In summary; when polymers’ molecular weight
is low, end-groups’ hydrophilicity or hydrophobicity is more effective on the total
hydrophilic/hydrophobic balance of the polymer.

Poly(MeO,MA)
45 - B RAFT EPDS ®Phosphonate
40
35 -+
@)
e 30 A
; 25
-
20 -+
15 -
10 A
DP:10 DP:20 DP:30 DP:50
Degree of Polymerization

Figure 4.15. Effect of end-group modification and degree of polymerization on LCST
of Poly(MeO,MA).

In Figure 4.16 and Figure 4.17, LCST of Poly(MeO,MA 75-C0-OEGMA, »5) and
Poly(MeO;MA 50-c0-OEGMA, 50) having varying DPs is shown, respectively. Similar
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findings observed with Poly(MEO,MA) were also seen for the LCST wvalues of
Poly(MeO;MA 75-c0-OEGMA, 25) and Poly(MeO>2MA 50-CO-OEGMA 50). Removal of
the hydrophobic RAFT end-group clearly increases the LCST and with increasing
degree of polymerization the effect of the end-group modification becomes negligible.

Polymers with PDS and phosphonate end-group appeared to be much less
affected by the change in their DP values. This was attributed to the relatively more
hydrophilic character of these groups which was not very different than the
hydrophilicity of the (co)polymer structure itself.

Poly(MeO,MA, ,5-C0-OEGMA,, ,.)

70,0 1 mRAFT mPDS = Phosphonate

60,0 -
50,0 -

40,0 -

LCST (°C)

30,0 A

20,0 -

10,0 -

DP:10

DP:20 DP:30 DP:50
Degree of Polymerization

Figure 4.16. Effect of end-group modification and degree of polymerization on LCST
of POly(MeOzMAOJS'CO'OEGMAO.ZS).

49



Poly(MeO,MA, 5,-C0-OEGMA, 5)

B RAFT ®PDS m Phosphonate
70 -
65 -
60 -
55 -
50 -
45 -
40 -
35

LCS T (°C)

DP:10 DP:20 DP:30 DP:50

Degree of Polymerization

Figure 4.17. Effect of end-group modification and degree of polymerization on LCST
of POly(MeOQMAO.50'CO'OEGMAO.5()).

Figure 4.18 shows the effect of PDS modification on LCST of Poly(OEGMA)..
Similar trends obtained with previous polymers were also observed with the LCST
behaviour of Poly(OEGMA). The effect of end-group modification of Poly(OEGMA)
was much less profound even at a DP of 10. At a DP of 10 and 20, PDS modification
increased the LCST of Poly(OEGMA) by approximately 10 °C while the same
modification increased the LCST of Poly(MeO,MA) by 20 °C. While at 30 DP, the
effect of PDS modification on the LCST of Poly(MeO,MA) was 10 °C, its effect on the
LCST of Poly(OEGMA) became negligible. In a similar fashion, the effect of the end-
group modification on the LCST of Poly(MeO,MA) became negligible at a DP of 50.
This is the result of the chemical nature of the monomers, since OEGMA monomer has
a longer oligoethylene glycol chain which is highly hydrophilic. When the
hydrophilic/hydrophobic balance of poly(MeO,MA) and poly(OEGMA) was compared,
Poly(MeO;MA) has 2 hydrophilic ethyleneglycol units per each hydrophobic
methacrylate backbone unit whereas poly(OEGMA) has 4.5 hydrophilic ethyleneglycol
units per each hydrophobic methacrylate backbone unit. This results in the less
profound effect of less end-group modification on the LCST of the most hydrophilic
polymer, Poly(OEGMA) even at low DP values.
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Figure 4.18. Effect of PDS end-group modification and degree of polymerization on
LCST of Poly(OEGMA).



CHAPTER 5

CONCLUSION

The aim of this thesis was to synthesize temperature-responsive, well-defined
(co)polymers of oligoethyleneglycol methyl ether methacrylate (OEGMA3g) and
diethyleneglycol methyl ether methacrylate (MEO,MA) via RAFT polymerization,
perform end-group modifications and finally investigate in detail the temperature-
responsive behaviour of the resultant (co)polymers considering the possible use of these
copolymers in temperature-controlled biosensing applications (Zareie et al. 2008).

A series of polymerization kinetic experiments were performed to determine
whether the (co)polymerizations were controlled by RAFT mechanism. In these
experiments, comonomers at a [MEO,MA]/[OEGMA] mole ratio of 75/25 were
polymerized at three different total monomer/RAFT agent mole ratios ([M]/[R]) (100/1,
50/1 and 20/1) for varying polymerization times (from 1 to 6 h). Polymers were
characterized by nuclear magnetic resonance spectroscopy (NMR) and gel permeation
chromatography (GPC) techniques. A combination of the results obtained from GPC
measurements and NMR spectroscopy proved the RAFT-controlled synthesis of the
copolymers under the conditions applied. Well-defined copolymers of OEGMA3y and
MEO;MA with controlled molecular weights and low polydispersities (<1.2) were
successfully synthesized.

To determine the reactivity ratios of (MEO,MA) and (OEGMAj3) a series of
copolymerization experiments were performed by changing the comonomer molar
ratios in the polymerization feed at a [Monomer]/[RAFT agent] ([M]/[R]) mole ratio of
500/1. Copolymerizations were deliberately stopped at low conversions (<10%) to be
able to determine the reactivity ratios of comonomers without having an effect due to
the feed comonomer composition drifts. The reactivity ratios of MEO,MA (1) and
OEGMA; (2) were calculated using Kelen-Tiidds method and found to be r;= 0.96 and
= 0.98, respectively. This condition provides a special case where r; =1, = 1, resulting
in the synthesis of truly random copolymers with copolymer compositions exactly the
same as the “feed composition”.

In order to investigate the effect of composition, molecular weight and end-

group modification on thermo-responsive behaviour of the (co)polymers, a large
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number of copolymers with varying molecular weights, compositions and end-group

functionalities were synthesized. Polymers were synthesized at 5 different feed

compositions (MEO,MA/OEGMA ratio of 100/0, 75/25, 50/50, 25/75, 0/100) targeting

4 different degrees of polymerization (DP=10, DP~20, DP~30, DP~50) at each feed

composition. Polymers that were synthesized via RAFT polymerization were then

modified with pyridyl disulphide (PDS) or phosphonate group. End-group
modifications were verified via NMR spectroscopy. According to GPC measurements
polymers’ molecular weight did not change after the modification reactions.

Lower critical solution temperature (LCST) characterizations of the polymers
were performed using a UV-vis spectrophotometer at 500 nm. The copolymer content
was found to have a significant influence on the LCST of copolymers.
Hydrophilic/hydrophobic balance of (co)polymers was the key factor affecting the
LCST values. On the other hand, the end-group hydrophilicity appeared to have a direct
effect on the LCST depending on the degree of polymerization of the (co)polymers. In
relatively high molecular weight polymers the influence of the end-group was negligible
on the total hydrophilic/hydrophobic balance of the (co)polymers, hence the effect on
their LCST becomes negligible. The LCST of poly(MEO,MA) with a degree of
polymerization of 10, increased by 20 °C after both PDS and phosphonate end-group
modification while the LCST of poly(MEO,MA) with a degree of polymerization of 50
did not increase after modifications. The LCST of RAFT group-terminated
homopolymers of MEO,MA increased from 14°C to 31 °C and that of OEGMA
homopolymers from 67 °C to 73 °C when the degree of polymerization increased from
10 to 50. The LCST of the RAFT-synthesized copolymers were precisely tuneable in
this range simply by changing the copolymer composition.

Future investigations on the topic may include the following suggestions:

e RAFT polymerization kinetics can be further investigated at different comonomer
compositions to show that the polymerization is RAFT-controlled at all
compositions.

e LCST of (co)polymers can be measured at varying polymer concentrations to
investigate the effect of polymer/solvent ratio on LCST.

e The potential of the end-group functional, temperature-responsive, well-defined
(co)polymers developed in this thesis as building blocks for temperature-controlled

biosensor applications can be investigated.
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APPENDIX A

DETERMINATION OF LOWER CRITICAL

SOLUTION TEMPERATURE
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Figure A.1. Absorbance versus temperature graphs of poly(MEO,;MA) having Mn of
2.3 K, PDI of 1.15, DP of 11 (PT-1 coded polymer in Table 4.6) polymer
with RAFT, PDS or phosphonate end-groups. Three different measurements
of each sample are shown in the figure.
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Figure A.2. Absorbance versus temperature graphs of poly(MEO,;MA) having Mn of
3.6 K, PDI of 1.14, DP of 18 (PT-2 coded polymer in Table 4.6) polymer
with RAFT, PDS or phosphonate end-groups. Three different measurements
of each sample are shown in the figure.

20 40 60 80

Temperature (°C)

60



2,5
0 2
2,0
=
éi 1,5 4
0
=
<
S
S 1,0 A RAFT-1
< vV  RAFT-2
RAFT-3
A PDS-1
0,57 O PDS-2
PDS-3
O Phosphate-1
Phosphate-2
0.0 - <o osphate

20 40 60 80
Temperature (°C)
Figure A.3. Absorbance versus temperature graphs of poly(MEO,MA) having Mn of
5.8 K, PDI of 1.22, DP of 29 (PT-3 coded polymer in Table 4.6) polymer

with RAFT, PDS or phosphonate end-groups. Three different measurements
of each sample are shown in the figure.
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Figure A.4. Absorbance versus temperature graphs of poly(MEO;MA) having Mn of
9.7 K, PDI of 1.18, DP of 53 (PT-4 coded polymer in Table 4.6) polymer

with RAFT, PDS or phosphonate end-groups. Three different measurements
of each sample are shown in the figure.
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Figure A.5. Absorbance versus temperature graphs of poly(MEO,;MA 75s-co-

OEGMA »5) having Mn of 2.4 K, PDI of 1.20, DP of 10 (PT-5

coded

polymer in Table 4.6) polymer with RAFT, PDS or phosphonate end-
groups. Three different measurements of each sample are shown in the

figure.
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Figure A.6. Absorbance versus temperature graphs of poly(MEO,;MA 75s-co-
OEGMA »5) having Mn of 4.3 K, PDI of 1.08, DP of 19 (PT-6 coded
polymer in Table 4.6) polymer with RAFT, PDS or phosphonate end-
groups. Three different measurements of each sample are shown in the

figure.
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Figure A.7. Absorbance versus temperature graphs of poly(MEO;MA 7s-co-
OEGMA>5) having Mn of 6.1 K, PDI of 1.08, DP of 27 (PT-7 coded
polymer in Table 4.6) polymer with RAFT, PDS or phosphonate end-
groups. Three different measurements of each sample are shown in the

figure.
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Figure A.8. Absorbance versus temperature graphs of poly(MEO,;MA, 75-co-
OEGMA»5) having Mn of 11.7 K, PDI of 1.21, DP of 53 (PT-8 coded
polymer in Table 4.6) polymer with RAFT, PDS or phosphonate end-
groups. Three different measurements of each sample are shown in the

figure.
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Figure A.9. Absorbance versus temperature graphs of poly(MEO;MA, s5o-co-

OEGMA 50) having Mn of 3.4 K, PDI of 1.08, DP of 12 (PT-9 coded
polymer in Table 4.6) polymer with RAFT, PDS or phosphonate end-
groups. Three different measurements of each sample are shown in the
figure.
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Figure A.10. Absorbance versus temperature graphs of poly(MEO,;MA so-co-

OEGMA 50) having Mn of 4.9 K, PDI of 1.14, DP of 19 (PT-10 coded
polymer in Table 4.6) polymer with RAFT, PDS or phosphonate end-
groups. Three different measurements of each sample are shown in the
figure.
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Figure A.11. Absorbance versus temperature graphs of poly(MEO;MA so-co-

OEGMA 50) having Mn of 7.5 K, PDI of 1.18, DP of 29 (PT-11 coded
polymer in Table 4.6) polymer with RAFT, PDS or phosphonate end-
groups. Three different measurements of each sample are shown in the
figure.
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Figure A.12. Absorbance versus temperature graphs of poly(MEO,MA, s5-co-

OEGMA 50) having Mn of 13.7 K, PDI of 1.29, DP of 55 (PT-12 coded
polymer in Table 4.6) polymer with RAFT, PDS or phosphonate end-
groups. Three different measurements of each sample are shown in the
figure.
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Figure A.13. Absorbance versus temperature graphs of poly(MEO;MA »s-co-
OEGMA 75) having Mn of 3.2 K, PDI of 1.09, DP of 11 (PT-13 coded
polymer in Table 4.6) polymer with RAFT end-group. Three different
measurements of sample are shown in the figure.
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Figure A.14. Absorbance versus temperature graphs of poly(MEO,MA »5-co-
OEGMA 75) having Mn of 4.9 K, PDI of 1.15, DP of 17 (PT-14 coded
polymer in Table 4.6) polymer with RAFT end-group. Three different
measurements of sample are shown in the figure.

72



PT-15

2.5
O RAFT-1
vV  RAFT-2
RAFT-3
2,0
o
= ]
3 1,5
(0]
Q
()
3
5 1,0 -
w2
e
<
0,5
0,0 & =
T T T T
20 40 60 80

Temperature (°C)

Figure A.15. Absorbance versus temperature graphs of poly(MEO,;MA »s-co-
OEGMA 75) having Mn of 8.2 K, PDI of 1.23, DP of 29 (PT-15 coded
polymer in Table 4.6) polymer with RAFT end-group. Three different
measurements of sample are shown in the figure.
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Figure A.16. Absorbance versus temperature graphs of poly(MEO;MA »s-co-

OEGMA 75) having Mn of 13.0 K, PDI of 1.21, DP of 47 (PT-16 coded
polymer in Table 4.6) polymer with RAFT end-group. Three different
measurements of sample are shown in the figure.
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Figure A.17. Absorbance versus temperature graphs of poly(OEGMA) having Mn of
3.3 K, PDI of 1.20, DP of 10 (PT-17 coded polymer in Table 4.6) polymer
with RAFT or PDS end-groups. Three different measurements of each
sample are shown in the figure.
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Figure A.18. Absorbance versus temperature graphs of poly(OEGMA) having Mn of
5.6 K, PDI of 1.15, DP of 18 (PT-18 coded polymer in Table 4.6) polymer
with RAFT or PDS end-groups. Three different measurements of each
sample are shown in the figure.
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Figure A.19. Absorbance versus temperature graphs of poly(OEGMA) having Mn of
8.7 K, PDI of 1.17, DP of 28 (PT-19 coded polymer in Table 4.6) polymer
with RAFT or PDS end-groups. Three different measurements of each
sample are shown in the figure.
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Figure A.20. Absorbance versus temperature graphs of poly(OEGMA) having Mn of
16.8 K, PDI of 1.22, DP of 55 (PT-20 coded polymer in Table 4.6) polymer
with RAFT or PDS end-groups. Three different measurements of each
sample are shown in the figure.
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